In this study, we characterized the DnaK chaperone system from Tetragenococcus halophilus, a halophilic lactic acid bacterium. An in vivo complementation test showed that under heat stress conditions, T. halophilus DnaK did not rescue the growth of the Escherichia coli dnaK deletion mutant, whereas T. halophilus DnaJ and GrpE complemented the corresponding mutations of E. coli. Purified T. halophilus DnaK showed intrinsic weak ATPase activity and holding chaperone activity in vitro, but T. halophilus DnaK did not cooperate with the purified DnaJ and GrpE from either T. halophilus or E. coli in ATP hydrolysis or luciferase-refolding reactions under the conditions tested. E. coli DnaK, however, cross-reacted with those from both bacteria. This difference in the cooperation with DnaJ and GrpE appears to result in an inability of T. halophilus DnaK to replace the in vivo function of the DnaK chaperone of E. coli.
Key words: molecular chaperone; DnaK system; complementation; halophilic lactic acid bacterium; cooperation Molecular chaperones are intracellular proteins that promote the correct folding of proteins, leading to the formation of functional three-dimensional structures. [1] [2] [3] Heat shock proteins (Hsps) constitute a specific group of highly conserved molecular chaperones. Most Hsps are induced by diverse stresses. 4) DnaK, known as the Hsp70 molecular chaperone in Escherichia coli, is involved in the folding of newly synthesized proteins, the refolding of denatured and aggregated proteins, the transport of proteins, and quality control of regulatory proteins via the nucleotide-regulated binding and release cycles. [5] [6] [7] [8] [9] [10] DnaK comprises a highly conserved Nterminal nucleotide-binding domain and a C-terminal substrate-binding domain. [11] [12] [13] [14] The ATP-bound state of DnaK shows low affinity to substrates, and hence the rates of binding and the release of substrates are rapid. In contrast, the ADP-bound state of DnaK shows high substrate affinity, and hence the rates of binding and release of substrates are slow. These two states are tightly regulated by co-chaperones DnaJ and GrpE. DnaJ stimulates the low intrinsic ATPase activity of DnaK, while GrpE functions as a nucleotide exchange factor that promotes ADP-dissociation from the nucleotidebinding domain of DnaK. 5, 11, 12, 15) Thus DnaK exerts complete chaperone activity in the presence of cochaperones DnaJ and GrpE both in vivo and in vitro. [16] [17] [18] Several studies have demonstrated that the DnaK proteins from gram-negative bacteria complemented the function of E. coli DnaK (DnaK Eco ) in vivo [19] [20] [21] [22] and refolded substrate proteins in cooperation with DnaJ and GrpE from both E. coli and the respective bacteria in vitro. 19, 22, 23) In contrast, DnaK proteins from several gram-positive bacteria did not complement the function of DnaK Eco in vivo. 24, 25) One of the possible reasons for this lacks of complementation is the inability of heterogeneous DnaK proteins to cooperate with E. coli DnaJ (DnaJ Eco ) and E. coli GrpE (GrpE Eco ) in the cells, but information regarding the cooperative or non-cooperative functions of DnaK of gram-positive bacteria with E. coli-oriented or homogeneous co-chaperones is limited.
Tetragenococcus halophilus is a moderately halophilic gram-positive lactic acid bacterium with an NaCl optimum of approximately 2 M and an upper limit of approximately 4 M. 26) In a previous study, we cloned the T. halophilus dnaK (dnaK Tha ) gene and confirmed that its expression was induced by both salt stress and heat stress. 27) Additionally, in vitro and in vivo characterization of the DnaK Tha proteins have been performed under various salinity conditions, 28) but further in vivo and in vitro studies using DnaK Tha and its co-chaperones are required to unravel the biological importance and mechanism of the DnaK Tha chaperone system.
In this study, we investigated the complementation of dnaK Eco , dnaJ Eco , and grpE Eco mutations by their respective genes from T. halophilus. As expected, the cloned dnaK Tha gene did not rescue the thermosensitive phenotype of E. coli, i.e., the ÁdnaK mutant; additionally, co-expression of the grpE Tha -dnaK Tha -dnaJ Tha genes also failed to complement the dnaK mutant. In contrast, the dnaJ Tha and grpE Tha genes complemented their respective mutations in E. coli. Consistently with these observations, in vitro studies indicated that the ATPase and luciferase-refolding activities of DnaK Tha were not stimulated by the co-chaperones from either T. halophilus or E. coii under the conditions tested. Instead, DnaJ Tha and GrpE Tha enhanced the activity of DnaK Eco .
Materials and Methods
Bacterial strains and growth conditions. The bacterial strains used in this study (Table 1 ) were grown as previously described. [27] [28] [29] Construction of plasmids. DNA fragments encoding DnaK Tha , DnaK Tha -DnaJ Tha , GrpE Tha -DnaK Tha , GrpE ThaDnaK Tha -DnaJ Tha , DnaJ Tha , GrpE Tha , and DnaK Eco were amplified from T. halophilus or E. coli genomic DNA by PCR. PCR was performed using KOD-Plus DNA polymerase (Toyobo, Tsuruga, Japan) and following primer sets: ThaK-S1 and ThaK-A1, ThaK-S1 and ThaJ-A1, ThaE-S1 and ThaK-A1, ThaE-S1 and ThaJ-A1, ThaJ-S1 and ThaJ-A1, ThaE-S1 and ThaE-A1, and EcoK-S1 and EcoK-A1 ( Table 2 ). The amplified fragments contained ribosome binding sites of the respective genes. Using TaqÔ DNA polymerase (Promega, Madison, WI, USA) and dATP, an adenine base was added to the 3 0 -terminal of each amplified fragment. The modified fragments were ligated into the pGEM-T cloning vector (Promega), and the resulting plasmids were termed pThaK, pThaKJ, pThaKE, pThaKJE, pThaJ, pThaE, and pEcoK (Table 1) . These plasmids were used in the complementation tests. The chaperone genes encoded on plasmids pThaK, pThaKJ, pThaKE, pThaKJE, and pThaK were transcribed from the T7 promoter of the pGEM-T vector, while those encoded on plasmids pThaJ and pThaE were transcribed from the lac promoter.
The genes encoding DnaK Tha , DnaJ Tha , GrpE Tha , DnaK Eco , DnaJ Eco , and GrpE Eco were amplified from T. halophilus or E. coli genomic DNA by PCR. Amplification was performed using the following primer sets: ThaK-S2 and ThaK-A2, ThaJ-S2 and ThaJ-A2, ThaE-S2 and ThaE-A2, EcoK-S2 and EcoK-A2, EcoJ-S2 and EcoJ-A2, and EcoE-S2 and EcoE-A2. For the first five proteins, pThaK-His, pThaJ-His, pThaE-His, pEcoKHis, and pEcoJ-His were generated by digestion of the amplified fragments with restriction enzymes NdeI and BamHI and ligation into the pET-14b vector (Novagen, Madison, WI) cleaved with NdeI and BamHI ( Table 1) . The PCR-amplified fragment encoding GrpE Eco , however, was cloned into pET-100/D-TOPO (Invitrogen, San Diego, CA, USA) vector, and the resulting plasmid was termed pEcoE-His (Table 1 ). These plasmids were used for overexpression of the chaperone proteins in the E. coli system. Since expression vectors pET-14b and pET100/D-TOPO carried the (His) 6 -tag, the same tag was incorporated in the N-terminal of the protein of each gene product.
The primer sequences were designed based on the sequences of the chaperone genes of T. halophilus JCM5888 (AB070346) and E. coli K-12 (NC 000913). The DNA sequences of the cloned chaperone genes were confirmed (Macrogen, Seoul, Korea).
Effects of heterologous expressions of T. halophilus chaperone genes on the E. coli thermosensitive phenotype. Thermosensitive mutants of E. coli, BM271 ÁdnaK (DE3), 29) AR7059 ÁdnaJ (provided by Dr. Ogura), and DA259 ÁgrpE (provided by Dr. Georgopoulos), were transformed with plasmids carrying cloned dnaK Tha , dnaK Tha -dnaJ Tha , grpE Tha -dnaK Tha , grpE Tha -dnaK Tha -dnaJ Tha , dnaJ Tha , or grpE Tha genes ( Table 1 ). E. coli MC4100, carrying a self-ligated pGEM-T vector, was used as the control. Complementation assays were performed as previously described, 29) with some modifications: the heat shock temperatures for AR7059 ÁdnaJ and DA259 ÁgrpE were 42 and 44 C respectively. Cell extracts were subjected to 12% sodium dodecyl sulfate-polyacryl amide gel electrophoresis (SDS-PAGE) and stained with Coomassie brilliant blue (CBB) R-250 or transferred to a polyvinylidene difluoride membrane and subsequently immunoblotted using the anti-DnaK Tha antibody (laboratory collection). Detection was performed with the ECL detection kit (GE Healthcare, Uppsala, Sweden) according to the manufacturer's protocol.
Isolation of protein aggregates. Protein aggregates from E. coli cells grown at 30 C and 43 C in LuriaBertani (LB) broth were isolated and analyzed according to the protocol of Tomoyasu et al.
30)
Overexpression of recombinant proteins in E. coli. For overexpression of the recombinant proteins, pThaKHis, pThaJ-His, pThaE-His, pEcoK-His, pEcoJ-His, and pEcoE-His were transformed into E. coli BL21 (DE3). Overexpression of DnaK Tha , DnaJ Tha , GrpE Tha , DnaK Eco , DnaJ Eco , and GrpE Eco was performed as previously described. [27] [28] [29] ThaK-S1  CCA GCA TGG TAG TTG TCG CAC AAT  -ThaK-A1  GCC ATT GGC TTT CCC TCC ATC TAA  -ThaK-S2 GCA TAT GTC TGA TAA AAA AAA GAA TGC AGA AGA NdeI ThaK-A2 CTG GAT TTG TAA TTT GGA TCC GCC GCC BamHI ThaJ-S1
CGA AAG ACT GTA GGA GTA TTA GAT GGA GG -ThaJ-A1
TAT GGT CGC TGA ATC GTA GTG ATT -ThaJ-S2 GGG AAA GCC ATA TGA CAA CAA AAC GAG ATT ATT ATG NdeI ThaJ-A2
GAA GGA TCC ACT CTC AGC TCC CTA T BamHI ThaE-S1
GAA AGG ATG TTA GAT GAA TGT CTG - ThaE-A1  CTG GAT TTG TAA TAA TTT GGA TCC GCC GCC  -ThaE-S2 GCA TAT GTC TGA TAA AAA AAG AAT GCA GAA GAG NdeI ThaE-A2 CTG GGA TTT GTA ATT TGG ATC CGC CGC C BamHI EcoK-S1
TGA TGA CCG AAT ATA TAG TGG AGA CGT -
TTT CCT GTG AAA CCG CTG CGC GAG AGT -a Underlining shows the recognition site of the restriction enzyme indicated.
Purification of recombinant proteins. DnaK Tha , DnaJ Tha , GrpE Tha , DnaK Eco , DnaJ Eco , and GrpE Eco were purified in the following manner: E. coli cells overexpressing the above-mentioned proteins were resuspended in buffer A (20 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride, PMSF), containing 10 mM imidazole. After sonication, the cell debris was removed by centrifugation at 9;000 Â g, the supernatant was loaded onto a nickel affinity column (GE Healthcare), and subsequently, the column was washed with 20 ml of buffer A containing 20 mM imidazole. For purification of GrpE Tha and GrpE Eco , the column was further washed with 10 ml of buffer A containing 50 mM imidazole and 5 mM ATP in order to remove the DnaK Eco proteins bound to GrpE proteins. 31, 32) The proteins bound to the nickel resin were eluted with buffer A containing 500 mM imidazole. Since DnaK Tha , DnaJ Tha , DnaK Eco , and DnaJ Eco contained some impurities, further purification was required. The fractions containing DnaK Tha , DnaJ Tha , DnaK Eco , or DnaJ Eco were applied to a COSMOSIL 5Diol-300-II gel filtration column (Nacalai Tesque, Kyoto, Japan) equilibrated with buffer B (20 mM sodium phosphate buffer, pH 6.8, and 100 mM sodium sulfate). The column was developed with the same buffer at a flow rate of 0.5 ml/min and monitored by measuring the absorbance at 280 nm. The fractions, containing different chaperone proteins, were collected and concentrated by ultrafiltration using an Amicon Ultra-30 centrifugal filter device (30-kDa cutoff) (Millipore, Bedford, MA). The concentrated proteins were then purified using a hydroxyapatite CHT5-1 column (Bio-Rad, Tokyo, Japan) equilibrated with buffer B without 100 mM sodium sulfate. The proteins were eluted using a 100-ml linear gradient of 20-500 mM sodium phosphate (pH 6.8). The fractions, each containing a different chaperone protein, were dialyzed in buffer C (50 mM Tris-HCl buffer, pH 7.4, 100 mM KCl, 20 mM MgCl 2 , and 1 mM dithiothreitol, DTT) containing 1 mM PMSF, and then concentrated by ultrafiltration. Protein concentrations were determined using a Bradford assay kit (Nacalai Tesque) with bovine serum albumin (BSA; Sigma, St. Louis, MO, USA) as the standard. 33) Unless otherwise indicated, the molar concentrations of all the proteins given in the text refer to the respective monomers.
Since the N-terminal His-tag inhibited the activity of DnaJ from both T. halophilus and E. coli, the peptide tag was removed by cleavage with thrombin (Invitrogen) according to the manufacturer's instructions.
ATP hydrolysis activity assay. The ATPase activity of the DnaK system was measured as previously described. 29, 34) Prevention of denaturation and aggregation of substrate proteins. Lactate dehydrogenase (LDH, 100 nM; Oriental Yeast, Osaka, Japan) was incubated at 42 C in buffer C in the presence and the absence of DnaK Tha (0.1-2 mM). Aliquots were withdrawn at different time points and tested for residual LDH activity at 30 C, as previously described.
28) The level of activity was defined as 100% just prior to heating.
Citrate synthase (Cs, 1 mM; Sigma) was incubated at 45 C for 30 min in buffer C in the presence and the absence of DnaK proteins (0.5 mM). Aggregation was monitored for 30 min as the increase in absorbance at a wavelength of 320 nm.
Ten microliters of firelfy luciferase (14.9 mg/ml, Promega) was denatured by diluting it with 90 ml of buffer D (20 mM HEPES, pH 7.4, 120 mM potassium acetate, and 6 M guanidine hydrochloride, Gdn-HCl) to a final concentration of 10 mM, and this solution was incubated for 2 h at 25 C. Prior to the addition of denatured luciferase, an aggregation assay solution containing buffer E (28 mM HEPES, pH 7.6, 120 mM potassium acetate, 1.2 mM magnesium acetate, and 2 mM DTT) with and without the indicated concentrations of chaperone proteins was pre-incubated for 30 min at 25 C. The denatured luciferase was then diluted with the aggregation assay solution to a final concentration of 0.25 mM. Aggregation was monitored for 5 min at 25 C on a Hitachi F-7000 spectrofluorometer (Hitachi, Tokyo, Japan) with emission and excitation wavelengths set at 360 nm and corresponding band passes set at 2.5 nm.
Refolding activity assay. Luciferase-refolding activity assay was performed according to previous methods, 29) with some modifications. The concentration of denatured luciferase used in the refolding reaction was 10 nM. Luciferase activity was measured using a Hitachi F-7000 spectrofluorometer in luminescence mode.
Results

In vivo complementation analysis
We examined the complementation of the E. coli dnaK, dnaJ, and grpE mutations by the respective cloned T. halophilus genes. As shown in Fig. 1A , the BM271 (DE3) ÁdnaK strain did not grow at 43 C, although it did at 30 C. In contrast, the MC4100 wildtype strain grew normally at both 30 C and 43 C. As expected, DnaK Eco expression complemented the thermosensitive phenotype of the mutant strain. However, DnaK Tha expression did not rescue the growth of this mutant strain at 43 C, even though western blot analysis showed that the expression levels of DnaK Tha and DnaK Eco were comparable (Fig. 1A) . This is consistent with previous observations of other gram-positive bacterial DnaK proteins. 24, 25) Even when induced by various concentrations of isopropyl-1-thio--D-galactopyranoside, DnaK Tha did not complement the function of DnaK Eco in vivo. Moreover, co-expression of DnaK ThaDnaJ Tha (data not shown), GrpE Tha -DnaK Tha (data not shown), and GrpE Tha -DnaK Tha -DnaJ Tha (Fig. 1A) did not rescue growth at 43 C. It has been reported that Bacillus subtilis DnaK complements a dnaK deletion from E. coli only when DnaJ Eco is co-expressed. 24) Hence we investigated the effect of DnaJ Eco overexpression. DnaK Tha , even when DnaJ Eco was co-expressed, did not rescue the growth of the dnaK deletion mutant (data not shown). In contrast to DnaK Tha , expression of DnaJ Tha and GrpE Tha rescued the growth of the AR7059 ÁdnaJ and DA259 ÁgrpE strains at 42 C and 44 C, although the expression levels were higher than those of the wild type (Fig. 1B, C) . These results suggest that DnaJ Tha and GrpE Tha interact with DnaK Eco in E. coli cells and that DnaK Tha does not cooperate with the E. coli cochaperones.
One of the reasons for the defect in dnaK mutants in growth at high temperature appears to be an accumulation of aggregated proteins in the cells. 30) Bukau et al. developed an easy assay requiring only centrifugation of extracts after incubation of cells at some empirically determined high temperature. It would be informative to determine whether DnaK Tha has any ability to prevent protein aggregation in vivo. As shown in Fig. 2 , accumulation of aggregates in the wild-type cells was hardly detected at normal (30 C) and high temperature (43 C), whereas that in dnaK mutant cells significantly increased at high temperature. Homologous expression of DnaK Eco significantly suppressed the aggregation caused by high temperature stress. The reason DnaK Eco did not completely suppress aggregation might be the low expression level of DnaJ in this mutant strain. 24) Taking into consideration that the expression of DnaK Eco rescued the growth of this mutant (Fig. 1A) , the sole effect of DnaK Eco expression appeared to be sufficient. In contrast, DnaK Tha suppressed aggregation much less than DnaK Eco (Fig. 2B) , this was responsible for the growth defect (Fig. 1A) .
ATPase and chaperone activities of DnaK
To test whether DnaK Tha is inactivated at the elevated temperatures indicated in Fig. 1A , the ATPase activity of DnaK Tha was examined under various temperatures and compared with that of DnaK Eco . As shown in , and DA259 ÁgrpE (C), were transformed with plasmids carrying the dnaK Tha , grpE Tha -dnaK Tha -dnaJ Tha , dnaK Eco , dnaJ Tha , and grpE Tha genes respectively. E. coli MC4100 was transformed with a self-ligated pGEM-T (pGEM) vector for use as a positive control. E. coli mutants were also transformed with pGEM for use as a negative control. Cells were grown at 30 and 42, 43, or 44 C. From left to right, serial dilutions from 10 0 to 10 À4 of the cell suspensions were spotted. Cell extracts were subjected to 12% SDS-PAGE. Subsequently, DnaK proteins were detected by immunoblotting with anti-DnaK Tha antibody (A, right panel), and expression of DnaJ and GrpE proteins was confirmed by CBB stain (B and C, right panels).
observed in the case of DnaK Eco (0.03 min À1 ). The ATPase activity of DnaK Eco increased with an increases in temperature from 20 to 50 C, and maximum activity (0.71 min À1 ) was obtained at 50 C. DnaK Tha was also activated in the same manner as DnaK Eco , with maximum activity at 50 C (0.22 min À1 ), although the degree of DnaK Tha activation was less.
In order to determine the intrinsic chaperone activity of DnaK Tha at heat shock temperatures, we investigated DnaK Tha -induced suppression of the thermal inactivation of substrate proteins (Fig. 3B) . LDH was denatured by heat treatment at 42 C and the activity decreased to less than 20% of initial activity. BSA, a known protective agent for enzymes, did not significantly suppress thermal inactivation of LDH at 42 C (Fig. 3C ). On the other hand, DnaK Tha conferred protection in a dose-dependent manner on LDH from thermal inactivation (Fig. 3B, C) . This suggests that DnaK Tha protects proteins from irreversible denaturation that leads to protein aggregation.
Next we tested the protection of substrate from thermal aggregation using Cs as an alternative substrate (Fig. 3D) . Cs has frequently been used in anti-aggregation assays. 35) Cs was incubated at 45 C, and the aggregation was monitored by measuring the absorbance at 320 nm. When Cs was incubated alone or in the presence of BSA (data not shown), the absorbance increased gradually, indicating that Cs was aggregated by heat treatment at 45 C. On the other hand, in the presence of DnaK Tha , aggregate formation was drastically reduced, to the same extent as that observed with DnaK Eco . These ''holdase'' activities of DnaK proteins (Fig. 3B-D) were ATP-independent. That is, their abilities were either unaffected or slightly decreased in the presence of ATP (data not shown); this might be attributable to the low affinity between ATP-bound DnaK and the substrate proteins. 35) These results indicate that DnaK Tha was not denatured at the heat shock temperature at which the complementation assay was performed (Fig. 1A) . At the least, loss of intrinsic ATPase and holdase activities was not the reason for the failure of DnaK Tha to rescue the growth of the E. coli dnaK mutant.
Stimulation of DnaK ATPase activity by co-chaperones
As the above-mentioned results indicate, DnaK Tha was active even at a high temperature, which indicates the non-cooperation of DnaK Tha with the co-chaperones DnaJ and GrpE. To confirm this, we examined the stimulation of ATPase activity of DnaK Tha by the T. halophilus-and E. coli-oriented co-chaperones.
As found previously, 5,7) the ATPase activity of DnaK Eco was enhanced by co-chaperones DnaJ Eco and GrpE Eco , and more than 12-fold stimulation was observed in the presence of each of these co-chaperones (Fig. 4A) . However, the ATPase activity of DnaK Tha was stimulated neither by the T. halophilus nor by the E. coli co-chaperones. DnaK Tha was not denatured under these conditions due to its intrinsic ATPase and chaperone activities (Fig. 3) . Since T. halophilus is a halophilic bacterium that shows optimal growth in 2 M NaCl, we examined the salt requirement for the action of T. halophilus chaperones. DnaK Tha did not show any cooperation with the co-chaperones even in the presence of 0 M to 2 M salt (KCl and NaCl) (Fig. 4B ). It is also a possible reason for the non-cooperation between DnaK Tha and the co-chaperones that the concentrations of DnaJ Tha and GrpE Tha were too low, but an increase in the concentrations of the co-chaperones did not lead to stimulation of DnaK Tha ATPase activity (data not shown).
DnaJ Tha significantly enhanced the ATPase activity of DnaK Eco , but the activation was lower than that of DnaJ Eco . Furthermore, DnaJ Tha did not work in synergy with GrpEs in the stimulation of DnaK ATPase activity. Considering that DnaJ Tha complemented the DnaJ Eco function in vivo (Fig. 1B) , this low ATPase stimulation by DnaJ Tha might be sufficient for DnaK Eco to rescue unstable proteins. In contrast, GrpE Tha stimulated DnaK Eco ATPase activity to an extent similar to GrpE Eco (about 2-fold) in the absence of DnaJs, and further accelerated it (more than 9.5-fold) in cooperation with DnaJ Eco .
Cooperative chaperone activity
To address further in vitro cooperative or noncooperative chaperone activity, we compared the ATPdependent refolding activity of DnaK Tha with that of DnaK Eco systems. In this study, luciferase was selected as the substrate protein, since it has been used frequently in monitoring the refolding activity of Hsp70/DnaK chaperone systems. 18, 19, 35) Prior to the refolding assay, we confirmed that DnaK Tha recognizes luciferase as a substrate by antiaggregation assay (Fig. 5A) . In the absence of DnaK proteins, light scattering for luciferase aggregation increased immediately after dilution of denatured luciferase into aggregation assay solution. DnaK Tha suppressed aggregation to an extent similar to DnaK Eco (Fig. 5A, B) . In both cases, the addition of equivalent DnaK to luciferase, although undetectable aggregates might have arisen, apparently led to nearly complete suppression of the aggregation. This suggests that DnaK Tha recognized denatured luciferase as a substrate, as DnaK Eco did.
We then examined the refolding activity using a chemically denatured luciferase. As shown in Fig. 5C , DnaK Tha did not assist in the refolding of denatured luciferase either in isolation or in the presence of co-chaperones DnaJs and GrpEs. On the other hand, DnaK Eco , in combination with DnaJ Eco and GrpE Eco , refolded denatured luciferase to a form that had 100% of its native activity. Similarly to GrpE Eco , GrpE Tha stimulated the refolding activity of DnaK Eco in synergy with DnaJ Eco . DnaJ Tha accelerated the refolding activity to an extent similar to DnaJ Eco , but the acceleration was inhibited in the presence of GrpE Eco .
Next, we examined the effects of GrpE concentration on the refolding activity of DnaK Eco in the presence of DnaJ Eco (Fig. 5D ) and of DnaJ Tha (Fig. 5E ). In the presence of DnaJ Eco , a low concentration (0.1 mM) of GrpE Eco enabled DnaK Eco to refold the denatured luciferase to a form that had almost 100% of its native activity, while GrpE Tha also stimulated the refolding in a dose-dependent manner, but even at a high concentration (2 mM) did not gain 100% (Fig. 5D ). In the presence of DnaJ Tha , GrpE Eco (at more than 0.5 mM) strongly inhibited luciferase refolding, while GrpE Tha slightly inhibited it even at 2 mM (Fig. 5E) . The reason GrpE Eco suppressed luciferase refolding in the presence of DnaK Eco and DnaJ Tha is still unclear. Judging from the fact that the simultaneous presence of DnaK Eco , DnaJ Tha , and a low concentration of GrpE Eco (less than 0.5 mM) achieved a high level of refolding (about 40%), DnaJ Tha appeared to be functional in vivo in the complementation of the DnaJ Eco mutant at least at 43 C (Fig. 1B) .
Discussion
In this report, the DnaK chaperone system from the halophilic lactic acid bacterium T. halophilus, comprising the DnaK-DnaJ-GrpE proteins, is characterized and compared with the model DnaK system of E. coli in vivo and in vitro.
The in vivo experiments demonstrated that heterologous expression of DnaK Tha did not rescue the thermosensitive phenotype of the E. coli ÁdnaK mutant. In contrast, DnaJ Tha and GrpE Tha complemented the functions of the corresponding proteins in the E. coli mutants. This suggests that despite the high sequence similarity between DnaK Tha and DnaK Eco (55%) as compared to those between DnaJ Tha and GrpE Tha and their respective E. coli homologs (33% and 30% respectively), the function of DnaK is more speciesspecific than those of its co-chaperones. As mentioned above, the dnaK genes from gram-positive bacteria did not complement the E. coli dnaK mutation, 24, 25) although those from gram-negative bacteria did. [19] [20] [21] [22] The reasons for this discrepancy are unclear, but there are at least three possible explanations: A, ATP hydrolysis at 25 C by the indicated chaperone sets (0.5 mM DnaK, 0.5 mM DnaJ, and 0.5 mM GrpE) was assayed as shown in Fig. 3A . The intrinsic ATPase activity of each DnaK protein was defined as 100%. B, The ATPase activity of the T. halophilus DnaK system (KJE Tha ) was analyzed in the presence of the indicated concentrations of NaCl (black bars) and KCl (white bars) at 25 C. The ATPase activity in the absence of NaCl and KCl was also measured (gray bar). As a control, the ATPase activity of the E. coli DnaK system (KJE Eco ) in the presence of 0.1 M KCl is shown. The intrinsic ATPase activity of DnaK under each condition was defined as 100%. Error bars represent the standard deviation for at least three experiments.
gram-positive bacteria do not cooperate with the cochaperones DnaJ and GrpE in E. coli. The first possibility is unlikely, since in vitro experiments have shown that the ATPase activity and the holdase activity of DnaK Tha were active even under heat shock conditions (Fig. 3) . The second possible explanation, that the DnaK proteins of gram-positive bacteria have different substrate-specificities, cannot be excluded, since it has been reported that Hsp70/DnaK proteins from different organisms showed slightly different affinities to model peptides. 36) These differences in substrate specificity are presumably due to structural differences in the substrate- A, Chemically denatured luciferase (0.25 mM) was aggregated by diluting it into an aggregation assay solution without (line i) or with DnaK Tha (0.5 mM, line ii; 2.5 mM, line iii). B, The effect of DnaK Eco on luciferase aggregation was also analyzed as indicated in Fig. 5A . The lines indicate the absence of DnaK Eco (i), presence of 0.5 mM (ii), and 2.5 mM (iii) DnaK Eco . C, Chemically denatured luciferase (10 nM) was renatured in the presence of ATP with various combinations of chaperone proteins (5 mM DnaK, 1 mM DnaJ, and 1 mM GrpE). After the refolding reaction at 30 C for 1 h, luciferase activity was measured by the luciferase assay system, as described in ''Materials and Methods.'' The activity of native luciferase before denaturation with 6 M Gdn-HCl was defined as 100%. Error bars represent the standard deviation for at least three experiments. D, Refolding reaction of chemically denatured luciferase (10 nM) was performed at 30 C for 1 h in the presence of 5 mM DnaK Eco , 1 mM DnaJ Eco , and various concentrations of GrpE Eco (closed circles) or GrpE Tha (open circles). E, Refolding reaction was carried out as described in Fig. 5D , but DnaJ Tha was used instead of DnaJ Eco .
binding domain of the DnaK proteins. The third possibility, that the DnaK proteins of gram-positive bacteria do not cooperate with the co-chaperones DnaJ and GrpE, appears to be the most likely. The present study indicates that the ATPase activity of DnaK Tha was not stimulated by DnaJ or GrpE (Fig. 4) , and that DnaK Tha did not refold the denatured luciferase regardless of the presence of DnaJ and GrpE under the conditions tested (Fig. 5) . In the case of the Thermus thermophilus DnaK system, DafA protein plays an important role in the ATP-dependent cooperative function. 37) Although the dafA-like gene is not encoded close to the dnaK gene cluster of T. halophilus, the DnaK chaperone system of T. halophilus might require co-factors which are absent in E. coli.
Until now, the amino acid residues in DnaK Eco that are responsible for binding to DnaJ Eco and GrpE Eco have been identified by mutational and structural analyses. 5, 9, 12, 38) As shown in Fig. 6A , these important residues (J) in the interaction with DnaJ are highly conserved between DnaK Tha and DnaK Eco , while GrpEbinding residues (E) are less conserved. These differences might account for the difference in cooperation with GrpE. Moreover, a significant difference is clearly shown in Fig. 6A . DnaK Eco possesses a segment (amino acid residues 75-96) which is present in all gramnegative bacteria, but not in gram-positive bacteria, including T. halophilus. 29) Our recent study demonstrated that the gram-negative characteristic segment plays a crucial role in the cooperation with the co-chaperones. 29) Lack of the segment might be the reason DnaK Tha did not function with the co-chaperones. Furthermore, we focused on differences in the quaternary structures as between DnaK Eco and DnaK Tha since it has been reported that the oligomers of DnaK Eco showed reduced efficiency in GrpE Eco binding. 39) The results of native PAGE and gel filtration chromatography indicate that DnaK Eco exist mainly as monomers, while DnaK Tha exist as dimers (data not shown). This suggests that the binding sites of GrpE and DnaJ were concealed within the DnaK Tha dimers. Hence their accessibilities were limited.
In contrast to DnaK Tha , DnaJ Tha and GrpE Tha complemented the functions of the respective proteins in E. coli mutants. In vitro tests demonstrated that the simultaneous presence of DnaJ Tha and GrpE Tha stimulated DnaK Eco ATPase activity, but the extent was lower than the E. coli co-chaperones (Fig. 4A ). This might be responsible for the ineffectiveness of DnaJ Tha . Focusing on the difference in sequence of the J-domain, an Nterminal domain responsible for binding to DnaK, between DnaJ Tha and DnaJ Eco , there were some differences in important residues (Fig. 6B ). Lys26 and Arg36 (in DnaJ Eco ) were replaced with Arg27 and Val37 (in DnaJ Tha ) respectively. Substitution of Arg27 for Lys26 was not significant, because Hdj1, a human DnaJ homolog, also possesses arginine at the position corresponding to the lysine of DnaJ Eco and complements the function of DnaJ in vivo. 40) In contrast, substitution of Val37 for Arg36 appears to be of influence. In fact, glycine substitution mutation (R36G) of DnaJ Eco showed partial loss of stimulation of DnaK Eco ATPase activity. In contrast to the weak stimulation of ATPase activity of DnaK Eco , the luciferase refolding activity of DnaK A, The amino acid sequence of the DnaK Tha ATPase domain is compared with that of DnaK Eco . The letters ''J'' and ''E'' indicate an important amino acid for the interactions with DnaJ and GrpE respectively. 11, 29) A large deletion (amino acid residues 75-96) is clearly shown in DnaK Tha as compared to DnaK Eco . B, The amino acid sequence of the DnaJ Tha J-domain is compared with that of DnaJ Eco . The letter ''K'' indicates an important amino acid for the interaction with DnaK. 40) Several differences in the important residues for the interaction with DnaK are shown between DnaJ Tha and DnaJ Eco . When the amino acid residues were identical, the residues are indicated by white letters on black. Similar amino acids are shown by white letters on gray. An arrow indicates the amino acid substituted in ''Ks.'' The GenBank accession nos. are: E. coli K-12 (NC000913), T. halophilus JCM5888 (AB070346).
Thermus thermophilus DnaK system, 41) but this amino acid substitution does not explain why, in the presence of DnaJ Tha , the refolding activity of DnaK Eco was strongly inhibited by the addition of GrpE Eco . To address this, further experiments are required.
The present study indicates that DnaK Tha did not cooperate with the co-chaperones under the tested conditions, where at least DnaK Eco was functional. Although DnaK Tha was not functional in E. coli cells, it remains unclear whether DnaK Tha functions together with DnaJ Tha and GrpE Tha in T. halophilus cells. At the least, the cloned dnaK Tha gene is not a pseudo gene, because DnaK Tha was detected in the soluble fraction of T. halophilus cell-free extract by Western blotting using anti-DnaK Tha antibody (data not shown). We are now attempting to generate several chaperone-gene mutants of T. halophilus to investigate the functionality of the DnaK chaperone system in T. halophilus.
